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Moringa oleifera (MO) seed has been widely used for water treatment purposes due to their good ﬂoc-
culation, low cost and non-toxic characteristics. However, these advantages had not yet been utilized for
the microalgae harvesting technology. Until today, the harvesting of microalgae biomass still depend on
sophisticated and complex approaches such as hollow ﬁber ﬁltration, chemical ﬂocculants and Alfa Laval
decanter technology. Thus, in this study the potential of natural plant-based coagulant was investigated.
MO seed derivatives were determined for the harvesting of suspended freshwater microalgae, Chlorella
sp.. Flocculation characteristics with various dosages were optimized. The output of this study proved
that primary and tertiary MO derivatives yield excellent ﬂocculation efﬁciency of more than 95% at
20 min sedimentation. In fact, MO derivatives even supersede chemical ﬂocculants, Aluminum Sulfate in
terms of ﬂocculation efﬁciency and biomass recovery at a low dosage of 10 mg L1 and normal pH (6.9
e7.5). Seed powder had the highest removal efﬁciency whereas seed protein had the highest biomass
recovery. Utilization ofM. oleifera derivatives as bio-coagulant provides several advantages such as lower
impact on the environment, lower cost for microalgae harvesting, allow rapid microalgae culture
expansion and as chemical-free green technology.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
The utilization of microalgae for sustainable biofuel production
is important because of the escalating price of petroleum fuel
(Ahmad et al., 2011). Hence, many recent studies had focused on
the harvesting and recovery of microalgae biomass from wide va-
riety of cultivation medium and propagation scale (Granados et al.,
2012; Zheng et al., 2012; Lee et al., 2013; Xu et al., 2013). Generally,
commercial mass harvesting of microalgae biomass in majority
relied on sophisticated and complex approaches such as hollow
ﬁber ﬁltration, high pressure membrane molecular sieving, chem-
ical ﬂocculation and Alfa Laval decanter technology (Christenson
and Sims, 2011; Suali and Sarbatly, 2012). However, thising, Universiti Malaysia Ter-
83344; fax: þ60 9 6694660.approach had contributed to very high operational and mainte-
nance cost due to the energy requirement for the machinery
especially in massive scale (Bahadar and Khan, 2013; Razzak et al.,
2013). As a result, mass production of microalgae only be justiﬁed
in the case of production for expensive products such as drug
precursors and pharmaceutical purposes (Gong et al., 2011;
Lananan et al., 2013). Thus, the operational costs should be dras-
tically decrease in order to make the commercial production
feasible especially for low value, bulk biomass production such as
for biofuel production (Quinn et al., 2012; Xu et al., 2013). Thus, to
minimize the energy consumption of harvesting microalgae, an
innovative and retrospective yet effective approach is required.
Coagulationeﬂocculation processes could provide mass micro-
algae biomass recoveries at a very reasonable costs (Ahmad et al.,
2011). In this process, the selection of coagulant is crucial that the
downstream processing of the biomass is not adversely affected by
the coagulant contaminationwhich then lead to the additional cost
for biomass puriﬁcation. Flocculation is one of the most convenient
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Ferric Chloride, FeCl3 and Aluminum Sulfate, Al2(SO4)3 including
organic synthetic high polymer ﬂocculants such as polyacrylamide
derivatives and polyethylene amine have been used for the har-
vesting of microalgae biomass in the mass cultivation industry
(Brennan and Owende, 2010; S¸irin et al., 2011). Although
Aluminum Sulfate commonly known as Alum, is proven to be an
effective coagulant for some species of microalgae, coagulation-
ﬂocculation by metal chelate such as this is certainly unaccept-
able if the harvested biomass is used for aquaculture purpose, an-
imal feed or organic fertilizer. It was reported that the major
component of Alum and Acrylamide could lead to human health
implications, such as involvement in Alzheimer’s disease and the
cause of cancers (Ahmad et al., 2011). Hence, the use of natural
coagulant would be an alternative in overcoming this possibility.
The use of natural coagulants such as chitosan and starch in har-
vesting microalgae have been studied and shown to be effective in
biomass recovery (Xu et al., 2013). However, the use of both natural
coagulants is expensive and utilize potential food supply. In this
study, the investigation was performed to explore the potential of
cheaper natural coagulant which is Moringa oleifera (MO).
MO is known as a tropical plant which belongs to the family
Moringaceae, a single family of shrubs. It is a tropical multipurpose
tree that naturally grows in India, South Saharan Africa, South
America and abundantly in Malaysia’s climate. MO was reported to
contain an active bio-coagulating compound. In addition, almost
every part of the plant including leaves, ﬂowers, seeds, roots and
bark can be used as food or as medicinal and therapeutic purposes.
Several studies have been done on the performance of MO seeds as
an alternative coagulant and assisting coagulant to the conven-
tional chemical coagulant in water treatment. In the underdevel-
oped country especially Africa, MO has been shown to be the most
promising natural coagulant for raw water treatment with the
potential usage on a large scale without adopting expensive tech-
nology. In Malaysia, MO is available locally and inexpensive hence
making them a viable alternative in water and wastewater treat-
ment. Thus, also possible as bio-ﬂocculants in the microalgae
biomass separation process and harvesting (Teixeira et al., 2012).
MO seed active compounds are known as the peptides of mo-
lecular weight ranging from 6 to 20 kDa, with an isoelectric pH
value between 9 and 10 (Gassenschmidt et al., 1995;
Ndabigengesere et al., 1995; Ndabigengesere and Narasiah, 1998;
Lam and Lee, 2012). Bahadar and Khan (2013) reported that MO
active compound is a polyelectrolyte in saline extract with a mo-
lecular weight around 3.0 kDa. In addition, Ghebremichael et al.
(2005) had correlated the ﬂocculation effect observed with a pep-
tide obtained in saline extract whereas Lam and Lee (2012) puriﬁed
and characterized a new lectin extracted in 0.15 M NaCl solution
from MO seeds which was claimed to have ﬂocculating activity. In
this study, a laboratory investigation was carried out to determine
the effects of physical parameters of rapid and slow mixing rate,
ﬂocculation dosage and pH on ﬂocculation of suspended freshwater
microalgae, Chlorella sp. with MO seed powder derivatives.
2. Material and methods
2.1. Preparation of MO primary seed derivatives
MO seeds were obtained within the region of Kuala Terengganu,
Malaysia. The collected dry pods were unshelled to obtain the
seeds. Pods shells were removed manually and only qualiﬁed
contaminant-free seeds were selected to be used as coagulant.
Then, the collected seeds consisted of cupule, seed coat and seed
kernel were grounded using laboratory mill and sieved through
600 mm stainless steel sieve to obtain homogenous ﬁne powdersfrom each seed structure. The obtained MO seed powder was then
stored in air-tight container and protected from moisture and light
to avoid oxidation and light-degradation of its active properties.
Cupule, seed coat and seed kernel powder were tested for its
coagulation activity on the suspended freshwater microalgae,
Chlorella sp. at various parameters such as dosage, pH, rapid mixing
rate, slow mixing rate, mixing period and settling time.
2.2. Oil extraction from MO seed powder as secondary seed
derivatives
Ethanol-based oil extraction procedure based on Kwaambwa
and Maikokera (2007) was performed on the ﬁne MO seed kernel
powder. Ninety-ﬁve-percent ethanol were added in 1:10 ratio (1 g
of seed powder and 10 mL of ethanol) to form suspension. Then, it
was mixed using magnetic stirrer for 10 min to produce homoge-
nous mixture. Supernatant was separated by centrifugation
(300 rpm, 45 min) and the settled powder which was the de-oiled
seed was dried at room temperature for 24 h. Both MO seed oil and
de-oiled seed were subjected for the determination of coagulation
efﬁciency on Chlorella sp..
2.3. Puriﬁcation of MO coagulation polymer as tertiary seed
derivatives
The procedures for the puriﬁcation of MO coagulation polymer
were carried out based on Kwaambwa andMaikokera (2007). Dried
de-oiled MO powder was used for the extraction of coagulant
protein polymer. The extraction was performed by adding 3% (w/v)
NaCl solution and this suspension was continuously agitated for
12 h in orbital shaker at controlled temperature of 25 ± 2 C. The
extract was ﬁltered with Whatman ﬁlter No.44 and brown colored
NaCl extract was collected. It was further heated in such a way that
no white precipitation is formed at the bottom of solution. The
heated crude protein extract solution was then poured into the
dialysis tube and submerged completely for 12 h in beaker con-
taining cold water kept in an ice bath to maintain constant tem-
perature of 2 ± 2 C. After completion of the dialysis procedure, the
salt present in the crude brown protein was osmotically extracted
into the surrounding water solution leaving white protein extract
inside the dialysis tube. This step is also known as protein desali-
nation. Subsequently, the extracted white protein was transferred
from the tube into sterile glass petri plates by rinsing it with sterile
deionized water. The isolated protein was then soaked with cold
acetone in a homogenizer to remove lipid from the extracted pro-
tein polymer. Following the delipidation procedure, the proteinwas
dried at room temperature to form ﬁne protein powder. Brown
seed protein, white seed protein and coagulation protein polymer
were tested for coagulation efﬁciency on Chlorella sp. with similar
coagulation parameters.
2.4. Cultivation of freshwater microalgae, Chlorella sp.
Freshwater suspended microalgae, Chlorella sp. was selected in
this study due to its robustness to wide range of temperature,
salinity and illumination conditions (Lananan et al., 2013). Pure
culture of Chlorella sp. was obtained from the microalgae culture
collections of the Life Feed Culture Lab, Institute of Tropical Aqua-
culture, Universiti Malaysia Terengganu, Malaysia. Bold's Basal
Medium was used for the growth and maintenance of the micro-
algae before inoculation into the culture vessel (5 L working vol-
ume, temperature 25 ± 2 C, 24 h illumination at 3350 lumen). Cell
density was sampled daily and measured using haemocytometer
(Marienﬁeld, Germany) to form calibration curve for the absor-
bance spectrophotometry. Two-hundred-milliliters sample from
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centrifuged at 5000e6000 rpm for about 30 min to separate the
Chlorella sp. cells from water.
Then, the procedures for Chlorophyll-a determination were
performed based on Becker (2008). An aliquot of 10 mL sample of
algal suspension was again centrifuged at 3000 rpm and the su-
pernatant was discarded. The pellet which contained microalga
biomass was suspended in 3 mL methanol and heated for about
5 min in a water bath. The samples were then cooled to room
temperature and the volume was made up to 5 mL by adding
methanol. The Chlorophyll-a concentration in the extract was
determined using the Equation (1) with the reading of absorption
(A) of the pigment extract in a spectrophotometer at the given
wavelength, l (650 nm and 665 nm) against a solvent blank.
Cell concentration of Chlorella sp. was calculated based on
Becker (2008):
Chlorophyllaðmg=LÞ ¼ ð16:5xA665Þ  ð8:3xA650Þ (1)
where,
A665 ¼ Absorbance at 665 nm visible wavelength.
A650 ¼ Absorbance at 650 nm visible wavelength.
2.5. Zeta potential analysis
In ﬂocculation study, zeta potential which is commonly noted as
z-potential explained the occurrence of the electric potential be-
tween the particles and bulk liquid which cause the colloids to be
suspended in the water. When ﬁne particles are dispersed in liq-
uids, a charged interface between the surface of the particle and the
bulk liquid develops in most instances. Normally, dispersions are
stable in which particles do not aggregate (or unstable, thus par-
ticles become aggregated) depending on the magnitude of the zeta
potential of the particles. In many instances at the natural water
body, stable dispersions are obviously evident. However, in other
cases such as in the purpose of wastewater treatment, the unstable
dispersions are desired for the purpose of ﬂocculation.
In order to investigate the interaction between the microalgae
biomass and the tested coagulants on zeta potential, the Zeta Po-
tential Analyzer (Zeta-Meter 3.0þ, USA) utilizing electrophoretic
mobility (EM) tracking was utilized. EM was determined immedi-
ately following the production of colloidal particles in the Jar Test as
a means of estimating their colloidal stability against subsequent
aggregation. The approach of particle size distribution (PSD) uti-
lizing EM were utilized to provide insights of the present state of
aggregation of the ﬂocs and to predict the future rate of aggregation
of the particles. The value zeta potential as were calculated using
Equation (2) to convert the EM reading with consideration on the
dielectric constant and viscosity of the solution.
Zeta potential calculation was done based on Smoluchowski
(1967):
z potential ¼ 4pxnt
εt
xUE (2)
where,
h ¼ Viscosity.
3¼ Dielectric constant.
UE ¼ Electrophoretic mobility.
2.6. Flocculation assay
The Jar Test was performed to optimize the coagulation process
and to determine the effect of adsorption on the coagulant mech-
anism. This study consisted of ﬁve replicates of batch experimentswith experimental volume of 600 mL of microalgae culture for each
test run. Coagulation efﬁciency was tested on the MO primary
derivatives (seed coat and kernel powder), secondary derivatives
(oil and de-oiled seed) and tertiary derivatives (brown seed protein,
white seed protein and coagulation polymer) in order to investigate
the potential of each derivative fromMO seed. Alumwas selected as
control for the MO derivatives because it had been widely utilized
as standard ﬂocculation reagent in the water and wastewater
treatment protocols.
Standard sedimentation procedure in jar and leaching test
equipment (JLT-60, France) was used to determine the efﬁciency of
coagulation with various coagulation parameters. The test rig has
six space to accommodate 1000 mL ﬂocculation beaker simulta-
neously. Each beaker was equipped with a paddle which the speed
can be adjusted in the range of 20e400 rpm. Various coagulants
such as Alum, MO seeds powder and its derivatives were dosed into
each sample using a micropipette. A rapid stirring period of 5 min
at 150 rpm followed by a slow stirring period of 15min at 10, 20, 30,
40 and 50 rpmwere carried out to initiate particle coagulation and
ﬂocculation. The rapid mixing procedure allowed the microalgae
biomass to be mixed homogenously and in contact with the
coagulant. However, slow mixing allowed the suspended micro-
algae cells to collide with sufﬁcient energy to overcome the energy
barrier and stick together to form larger colloid. The formed ﬂocs of
coagulant-biomass were allowed to settle for 30 min before the
reading of turbidity and absorption measurement of each sample
was taken. Pigment coloration was measured at 750 nm (UVeC
light) using a double beam spectrophotometer (Shimadzu UV-
1800, Japan) whereas turbidity was measured using a hand held
turbidimeter (range 0e800 NTU; accuracy ± 2%). The experimental
trials were performed under the controlled laboratory conditions to
ensure repeatable results. The ﬂocculation and biomass recovery
efﬁciencies were determine by computing the percentage of
biomass recovery after sedimentation process.
2.7. Statistical analysis
Zeta potential of Chlorella sp., biomass recovery, removal efﬁ-
ciency percentage with respect to ﬂocculation parameters were
recorded in Microsoft Ofﬁce ExcelTM throughout the experimental
period. Graphical analyses were performed using Originlab Ori-
ginPro 8.6TM whereas the statistical determination involving One-
Way ANOVA and post-hoc analysis utilizing Tukey's HSD Test
were implemented via Minitab 16TM. A conﬁdence level of 95%
(a ¼ 0.05) was selected in order to strictly determine the signiﬁ-
cance of between the dosages and types of coagulant with the
dependent parameters.
3. Results
3.1. Zeta potential of freshwater microalgae, Chlorella sp.
The zeta potential of the Chlorella sp. culture showed the iso-
electric point (IEP) of the sample occurred in the range of pH 4.5 to
6.5 in which the reading of zeta potentials were in the value
of 20.00 to 20.90 mV (Fig. 1). At this point, the zeta potential of
the Chlorella sp. biomass was at the nearest point to 0 mV. Further
decrease and increase of pH beyond the range of pH 4.5 to 6.5 lead
to the increasing of zeta potential value of above 50 mV.
3.2. Effect of dosage and mixing rate on the removal efﬁciency and
biomass recovery
In the ﬂocculation test of primary MO derivatives (Table 1), it
was observed that only seed powder was able to recover
Fig. 1. Zeta potential of Chlorella sp. culture corresponding to pH.
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of that, MO cupule and seed coat had less than 5% and 10% biomass
recovery, respectively. Furthermore, both coagulants in secondary
derivatives were observed to have biomass recovery of less than 5%.
For tertiary derivatives, it was found that only MO protein powder
could recover the microalgae biomass for up to 78%. Less than 5%
biomass recovery was observed in ﬂocculation test using MO
brown protein, the mixture of protein and lipid. As a comparison,
the ﬂocculation test was also performed using standard chemical
coagulant, Alum. From the result, it was shown that ﬂocculation
with Alum could recover the microalgae biomass for more than
37%.
As shown in Fig. 2, the increase in mixing rate did not improve
the removal efﬁciency and biomass recoveries for all type of co-
agulants. In the case of Alum, further addition of the dosage of
coagulant was correlated with the increase in the removal efﬁ-
ciency and biomass recovery. Increasing the Alum concentration
from 10 to 20 mg L1 yields the increasing in removal efﬁciency
from 83% to 92%. Further addition in the dosage of Alum for up to
50 mg L1 increased the removal efﬁciency of more than 95%. The
increase in the dosage of coagulant from 10 to 50 mg L1 for Alum
yield 12.09% and 13.77% increase for removal efﬁciency and 50.69%
and 43.09% for biomass recovery, respectively. Similar trends could
be observed for seed protein where the biomass recovery per-
centage doubles as dosing were increased from 10 to 50 mg L1.Table 1
The ﬂocculation activity of Chlorella sp. culture using differentMoringa oleifera seed
derivatives and chemical coagulant Aluminum Sulfate.
M. oleifera
derivatives
Coagulants Flocculation
activity
Flocculation
efﬁciency
Primary Cupule/wings No <5%
Seed coat No <10%
Seed powder Yes >97 ± 5%
Secondary Seed oil No <5%
De-oiled seed No <5%
Tertiary Protein þ lipid No <5%
Protein powder Yes >78 ± 4%
Chemical Aluminum Sulfate,
Al2(SO4)3
Yes >37 ± 4%This is however contrary with the use of seed powder where
further addition of dosage and mixing rate is either give insigniﬁ-
cant changes or decrease both the removal efﬁciency and biomass
recovery. Conversely, the increasing in mixing rate from 10 to
50 rpm for all coagulant will cause the reduction on removal
efﬁciency.
3.3. Biomass recovery and removal percentage in harvesting
Chlorella sp. biomass
Fig. 3 showed the percentage of microalgae biomass recovery
with respect to dosage of coagulant at optimum pH of 5.9 and
mixing rate of 10 rpm. Coagulation using Alum and MO seed pro-
tein show the increasing in biomass recovery percentage with the
increasing of coagulant dosage of 10e50 mg L1. However, MO seed
powder show the decreasing in biomass recovery percentage as the
dosage exceed 30 mg L1. For both MO derivatives, the biomass
recoveries at various dosage exceed 100%. Microalgae biomass
harvested using MO seed powder were 1.65 times more concen-
trated than the initial biomass cell density at dosage of 20 mg L1.
MO seed powder was able to recover microalgae biomass at 1.59
times the initial biomass concentration at the dosage of 30 mg L1.
As control, Alum had the highest biomass recovery of 87.7% at the
dosage of 50 mg L1.
4. Discussion
4.1. Zeta potential of freshwater microalgae, Chlorella sp.
Virtually all sources of surface water contain perceptible
turbidity. Turbidity was caused by the presence of particle within
the size of 0.1e1 x 106 mmwhich was suspended within the water
column. Particle size in the colloidal size range possess certain
properties that prevent agglomeration which was known as zeta
potential. In fact, the most important factor affected zeta potential
was pH. A zeta potential value on its ownwithout a quoted pH was
virtually a meaningless number. In this study, Chlorella sp. biomass
was subjected to a wide range of pH condition of 3.37e9.63. The
variation of pH from acid to alkali provided a complete observation
of the zeta potential in the culture.
The IEP indicated the point inwhich the colloidal stability was at
its least stable state and had the maximum tendency to agglom-
erate. Further increase of pH had lead to the increased of zeta po-
tential hence increased the stability of the suspended culture and
reducing the probability for coagulation. Since the freshwater
microalgae, Chlorella sp. was normally cultivated in the pH of
6.5e7.5, it is costly to change the natural pH to acidic condition to
fulﬁll the IEP and facilitate microalgae harvesting. Therefore, the
investigation of ﬂocculation using jar and leaching test procedure
was performed at natural growth condition in term of pH and
normal cell density. The selection of cell concentration at
17 x 106 cells mL1 was speciﬁed as it was normally the average of
cell density at the late exponential of this microalgae growth phase.
Cell density was kept at constant throughout the experimental
period via dilution technique using the culture medium.
4.2. Effect of dosage and mixing rate on the removal efﬁciency and
biomass recovery
The use of MO seed powder in water treatment was affected by
the initial turbidity of the water (Muyibi and Evison, 1995). In
addition, it was found that increasing in the dosage of MO seed
powder leads to the decrease in turbidity up to the maximum
dosage of 30 mg L1. Further increase of MO seed powder dosage
lead to the increase of the residual turbidity due to ﬂoc
Fig. 2. Relationship between slow mixing rate and coagulant dosage on the removal efﬁciency of Alum (a), MO seed powder (c), and MO seed protein (e); biomass recovery of Alum
(b), MO seed powder (d) and MO seed protein (f).
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increase in mixing rate exceeding the optimum mixing, such as
10 rpm in this study will cause the disturbance in ﬂoc formation
and redispersion of the formed ﬂoc particles which had occurred
previously. In this study, the initial density of Chlorella sp. was in
the low level of turbidity thus only low dosage of MO seed powder
was required to harvest the microalgae biomass. MO seed de-
rivatives had signiﬁcant improvement of ﬂocculation efﬁciency as
compared to the use of Alum. Hence, MO seed powder and protein
powder were very promising to be utilized as the potential natural
coagulant andmore effective alternative to the chemical coagulants
in harvesting microalgae.
4.3. Biomass recovery and removal percentage in harvesting
Chlorella sp. biomass
Removal efﬁciency was termed as the performance of co-
agulants in removing the microalgae biomass from the water
yielding a clear supernatant. Meanwhile, the biomass recovery was
the effectiveness of microalgae harvesting in terms of ﬂocculatingand settling of the microalgae biomass. In this study, Chlorella sp.
culture was subjected to chemical coagulants Alum, MO seed
powder andMO seed protein at various dosage of 10, 20, 30, 40 and
50 mg L1. According to Ndabigengesere and Narasiah (1998), the
continuous addition of coagulant exceeding the optimum dosage
leads to the formation of excess coagulant residue since all of the
microalgae particles already form larger colloids. This explained the
lower biomass recovery as the MO seed powder and protein exceed
the dosage of 30 mg L1 and 20 mg L1, respectively. The output of
this study showed that MO derivatives were not only function to
recover the Chlorella sp. biomass but also concentrate it up to two
folds of the initial microalgae biomass cell density. It was also
conﬁrmed with study done by Teixeira et al. (2012) which stated
that MO seed powder was able to harvest marine microalgae from
the culture medium at removal efﬁciency of more than 90%.
However, other research involving the harvesting of microalgae
using MO protein powder was still lacking.
Ndabigengesere and Narasiah (1998) also reported that the use
of MO seed powder could contribute to the increase of organic
matter in the treated water since some of the seed powder remains
Fig. 3. Removal efﬁciency (a) and biomass recovery (b) with respect to dosage of
ﬂocculants at mixing rate of 10 rpm.
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fectant treatment using chlorine which react with the organic
matter forming harmful and carcinogenic trihalomethanes. This is
however solved with the utilization of MO seed protein as an
alternative to MO seed powder which consist of pure coagulant
polymer that bind completely to the suspended particles leaving no
excess organic matter remain in the efﬂuent water prior to the
subsequent chlorine treatment. However, the utilization of MO
seed protein rather than MO seed powder could contributed to the
additional processing cost for protein extraction procedure. Thus,
the application of MO seed protein could only be justiﬁed with the
appropriate application such as the recovery of valuable product of
microalgae biomass to cover its production cost. In addition, the
development of mass MO protein powder production could also
lower the cost of this natural and sustainable bio-ﬂocculant.
5. Conclusions
In this study, it was found that MO seed powder was not only
limited for the purpose of water treatment however it also had
promising potential as coagulant for microalgae biomass harvest-
ing. In addition, higher derivatives such as MO seed protein powder
was determined to have better removal efﬁciency and microalgae
biomass recovery as compared to MO seed powder. The use of MO
seed powder and protein powder could aid in reducing theeconomic cost for mass microalgae harvesting and provide sus-
tainable environmental-friendly bio-ﬂocculants as an alternative to
commonly used chemical ﬂocculants.
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